sition of RTLF. The discriminating ions identified by OPLS were then used as explanatory variables in traditional regression analysis. Results: There was a clear discrimination between smokers and non-smokers according to the chemical composition, where phospholipids from smokers were protonated and sodiated to a larger extent. Poor lung function showed a strong association with higher response from all molecular phosphatidylcholine species in the samples. Furthermore, the accumulated amount of tobacco consumed was associated with variations in mass spectra, indicating a dose-response relationship. Conclusion: The chemical composition of PEx differs between smokers and nonsmokers, reflecting differences in the RTLF. The results from this study may suggest that the composition of RTLF is affected by smoking and may be of importance for lung function.
of susceptible individuals [1, 2] . Inflammatory changes in airway disease may be reflected by alterations in the respiratory tract lining fluid (RTLF), whose main constituents are lipids and proteins [3] [4] [5] [6] [7] . Previous studies of RTLF using bronchoalveolar lavage (BAL) have shown differences in lipid and protein content in the RTLF of smokers and non-smokers. The smokers had increased levels of for example phosphoethanolamine, phosphatidylglycerol, annexin and glutathione S-transferase and lower levels of cholesterol, secretory IgA and surfactant protein A and D compared to non-smokers [8] [9] [10] .
A novel method for monitoring the airways has been developed at the Department of Occupational and Environmental Medicine, University of Gothenburg, Gothenburg, Sweden. This non-invasive method involves the collection of endogenous particles in exhaled air (PEx) using a three-stage impactor and subsequent chemical analysis [11] . PEx originates from the RTLF, which covers the airways and acts as a protecting interface between the external environment and epithelial cells. The formation of PEx has not been fully elucidated but a significant mechanism of particle formation is airway re-opening after closure in the very distal bronchioles [12] . We have previously shown, using the same breathing and sampling technique as in the present study, that the lipid and protein profile of PEx largely resembles the profile observed in BAL [11, 13] .
In the present study, extensive chemical analyses have been performed on PEx, using a sensitive mass spectrometric method, time-of-flight secondary ion mass spectrometry (TOF-SIMS) [14, 15] . One of the advantages of TOF-SIMS analysis is that very small amounts of a sample are required and no sample preparation is needed. TOF-SIMS analyses of biological samples result in information-rich mass spectral data, with hundreds of peaks from molecular and fragment ions, which is a challenge to evaluate [16, 17] . Consequently, multivariate analysis, which allows the maximum amount of information to be extracted, has proven to be a valuable aid for the interpretation of TOF-SIMS data [18, 19] . The multivariate tool orthogonal partial least squares (OPLS) is a hypothesis-free statistical method well suited for the type of data in the present study, where the a priori knowledge on changes in phospholipid composition due to smoking is strictly limited [20] . The findings were then tested ad hoc with a traditional statistical approach.
The overall aim is to investigate whether PEx can be used to detect inflammatory changes in the RTLF. The specific aim of this study was to identify: (1) differences in the phospholipid composition of PEx from smokers and non-smokers and to determine the association between phospholipids, (2) the amount of tobacco consumed, and (3) the lung function, using TOF-SIMS, OPLS and conventional statistical methods.
Methods

Study Participants
The study included current smokers (n = 12) and non-smokers (n = 13), 49-86 years of age, who volunteered for the examination. Participants were included in the study if they were healthy, above 40 years of age and smokers or non-smokers. The smokers had smoked daily for at least 10 years and the non-smokers also included 1 ex-smoker who had quit smoking 20 years prior to the examination, the rest were never-smokers. The smokers abstained from smoking 1 h before the examination.
The study was approved by the Ethics Committee of the University of Gothenburg and all participants gave their written informed consent.
Clinical Examination
The fraction of exhaled nitric oxide (FENO) was measured using a NIOX Mino device (Aerocrine AB, Solna, Sweden) according to standard methodology, but only one measurement was performed for each subject, at an exhalation flow of 45-55 ml/s [21] . Spirometry was performed according to American Thoracic Society/European Respiratory Society standards [22] using a Spirare system (Diagnostica, Oslo, Norway) and related to reference values [23] . For all participants, PEx was collected after measurement of FENO and spirometry.
Allergic sensitization was defined as a positive skin prick test for common inhalant allergens or a positive Phadiatop test (Phadia, Uppsala, Sweden; for details, see online suppl. material; for all online suppl. material, see www.karger.com/doi/10.1159/000350941).
A questionnaire regarding smoking habits and respiratory condition, e.g., asthma, allergies, upper respiratory tract infections, chronic obstructive pulmonary disease, and medication, was filled in by all participants.
Sampling of PEx
A sampling device for the non-invasive collection of non-volatile compounds in exhaled air has been developed at the Department of Occupational and Environmental Medicine, University of Gothenburg, Gothenburg, Sweden [11] . Each subject rinsed his/ her mouth with purified water and breathed particle-free air for 3 min prior to sampling. All subjects performed thirty forced exhalations into the sampling device. The device is equipped with a valve to divert the airflow when sampling, making it possible to breathe particle-free air tidally between the forced exhalations without sampling. The exhaled air containing PEx was split, with 8% (1.2 liters·min -1 ) into a Grimm 1.108 optical particle counter and with 92% (13.8 liters·min -1 ) into a 3-stage inertial impactor/ pump (3-stage PM 10 Impactor, Dekati Ltd., Tampere, Finland) making it possible to simultaneously count, measure according to size and collect PEx by impaction on silicon plates. The particles are concentrated into ten separate spots on each plate. The silicon plates were stored at -20 ° C for no longer than 6 weeks, prior to analysis by TOF-SIMS.
Analysis of PEx with TOF-SIMS
TOF-SIMS analysis was performed using a TOF-SIMS IV instrument (ION-TOF, Münster, Germany) using a Bi 3+ primary ion beam. The primary ion beam produced secondary ions from the analysed material which, in positive ion mode, comprised protonated ions (M + H) + and cations containing alkali metal ions, e.g. sodiated (M + Na) + and potassiated (M + K) + ions , and in negative ion mode, comprised deprotonated ions (M -H). TOF-SIMS spectra were acquired on two randomly selected sample spots for each subject as previously described by Almstrand et al. [11] . The acquired spectra were combined into one average mass spectrum for each spot.
Statistical Analysis
Hypothesis-generating multivariate techniques, principal component analysis (PCA) and OPLS were applied for the statistical analysis. Peak intensities in the mass to charge (m/z) range of 20-1,000 were normalized to total ion intensity in the same range using a digital resolution of 0.2 m/z. The normalized peak intensities were imported into multivariate software (SIMCA software version 12, Umetrics AB, Umeå, Sweden) and Pareto scaled [24, 25] . PCA is an unsupervised method to examine the main variation (not necessarily related to the variable of interest) in the mass spectra and to identify possible gross outliers. The supervised method OPLS was applied in three models to compare variation in mass spectra related to (1) smoking status, (2) the amount of tobacco consumed (i.e. pack years) and (3) lung function [i.e. forced expiratory volume in 1 s predicted (FEV 1 pred)]. The OPLS model for smokers and non-smokers was used in a discriminant analysis mode (OPLS-DA) as the smoking status is a dichotomous variable. The resulting score plots described the differences graphically [20, 26] . Each subject represents two dots in the score plot as the sample was analysed in duplicates. For the OPLS analysis, two diagnostic values were provided. The first, Q 2 , is a measure of the model's goodness of fit in the range of 0-1, with the upper limit of 1 for a perfect fit and 0.5 for an acceptable fit. The second, R 2 X pred , is a measure in the range of 0-1 of the amount of predictive variation in the mass spectra, i.e. the variation that is directly related to the variation in the selected responses (smoking status, pack years and lung function, respectively). Validation of the models was achieved by cross-validation, where the software excludes every seventh mass spectrum and recalculates the model. Additional validation was made through exclusion of one PEx spot from each subject, recalibration of the model and prediction of the complement data set. For more information on OPLS analysis, see online supplementary materials. For each model, an S-plot was created (data not shown) to identify the ions with the strongest relation to the outcome. The S-plot is a tool for visualization of the variables combining the covariance and correlation loading profiles [27] .
In a second step, conventional regression analysis (SAS version 9.2, SAS Institute, Cary, N.C., USA) was performed examining the effects of the ions identified in the three models. The four most dominating ions in each S-plot were selected and analysed simultaneously in regression models adjusted for the number of particles collected. The lung function model was also adjusted for smoking status and is assessed in relation to ion intensity. The effects of ions on lung function and pack years were investigated using linear regression while the smoking status called for use of logistic regression. Due to the characteristics of the logistic regression model, ion intensities had to be categorized into quartiles.
Results
The characteristics of the participants are summarized in table 1 . All participants were Caucasians and free of respiratory symptoms. No significant difference was observed between the groups with regard to age, sex, number of particles collected, body mass index or FEV 1 /forced vital capacity (FVC). However, smokers had significantly lower FEV 1 pred and lower FENO, as expected. Two of the smokers had a FEV 1 /FVC <0.7 and a FEV 1 pred between 50 and 79%. However, none of the participants had a previous diagnosis of chronic obstructive pulmonary disease and no reversibility test was performed in this study to confirm the diagnosis. All sampling and chemical analysis of PEx, in this study, was performed from April 2008 to March 2009. Age is presented as the mean, and all other parameters are summarized as the median, with ranges in parentheses. n/a = Not assessed.
PEx Amount
The amount of PEx collected on the silicon plate varied substantially between individuals, ranging between 10,000 and 1,600,000 (median 220,000) for smokers and between 28,000 and 410,000 (median 210,000) for nonsmokers, but did not differ significantly between the groups.
The number of PEx collected was not related to smoking status, age, body mass index or lung function, i.e. 
TOF-SIMS Analysis
The main identified ions corresponding to phospholipids are summarized in table 2 . The molecular species of phospholipids are abbreviated as x:a, where x is the number of carbon atoms and a is the number of double bonds in the hydrocarbon chain. The most abundant positive molecular ions from phospholipids were phosphatidylcholine (PC), PC 30: 0, PC 32: 0 and PC 34: 1, whilst the predominant negative molecular ions from phospholipids were phosphatidic acid (PA), PA 32: 0 and PA 34: 1, phosphatidyl glycerol (PG), PG 32: 0, PG 34: 1 and PG 36: 1, and phosphatidyl inositol (PI), PI 34: 1 and PI 36: 1. However, in many negative ion spectra the intensities of molecular ions were below the detection limit and, therefore, these data were not included in statistical analysis.
Multivariate Statistical Analysis
Prior to the multivariate evaluation of mass spectral data, ion abundances were normalized to the total intensity of the corresponding mass spectrum (mass range 20-1,000 m/z ). No outliers were found in the PCA score plot, and all samples were included in the further processing of data. The PCA model used nine components with a predictive ability Q 2 = 0.86. From the PCA loading plot, it was concluded that the ions that varied most within the complete dataset were potassium ( m/z 39.0) and the two PC fragments, m/z 86.2 and m/z 184.2. No separation between smokers and non-smokers was observed in the PCA model.
The association between smoker/non-smoker status and the mass-spectral variation was analysed using orthogonal partial least square-discriminant analysis (OPLS-DA). The resulting score plot showed a separation between the two groups according to positive ion mass spectra ( fig. 1 ). Each projected point represents the combined mass spectral information from one PEx spot.
The OPLS-DA model resulted in one predictive and four orthogonal components with the total predictive ability Q 2 = 0.55. The predictive component had an R 2 X pred of 0.029, meaning that approximately 3% of the variation in the data set was associated with the difference between smokers and non-smokers. The OPLS-DA analysis also provides loadings which contain the variation in m/z information to support the grouping of mass spectra in the score plot. The ions dominating for the smoker group represent a positive value in the loading plot while the prominent ions for the non-smoker group represent a negative value ( fig. 2 ) . Investigation of the low m/z region indicated that PEx from smokers contained relative- The molecular species of phospholipids are abbreviated as x:a, where x is the number of carbon atoms and a is the number of double bonds in the hydrocarbon chain. 
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Secondly, the influence of total accumulated tobacco consumption on mass spectrum was investigated, and an association was observed between the number of pack years and the mass spectral variation. The resulting score plot from the OPLS model, with pack years as the continuous variable Y, showed that mass spectra from individuals with a higher tobacco consumption differed more from non-smokers than from individuals with a lower tobacco consumption (R 2 X pred = 0.025 and Q 2 = 0.62) ( fig. 5 ). The ions most important for the variation in the pack year model according to the S-plot were m/z 39 and 46 (associated with a high number of pack years) and m/z 70 and 81 (high levels for zero pack years).
The third chosen response, lung function (FEV 1 pred), was also correlated to the mass spectral variation (R 2 X pred = 0.10 and Q 2 = 0.63). The results showed that low levels of lung function were associated with a high response from all molecular PC species present in the samples, with the exception of PC 34: 1 + H + . The ions most important for the variation in the lung function model according to the S-plot were m/z 86.2 and 184.2 (associated with a high value for lung function) and m/z 23 and 28 (associated with low lung function).
Conventional Statistical Analysis
The main ions influencing the three models are listed in table 3 along with their p value. In the smoking status model, the ion corresponding to m/z 70 was positively associated with non-smoking (p = 0.05). Correspondingly, pack years was positively associated with m/z 46 (p = 0.02) and lung function negatively associated with m/z 28 (p = 0.03).
The phospolipids of the RTLF of initial interest did not prove to be significantly associated with smoking status or pack years. However, in the lung model, the sum (p = 0.0045) but also each of the PCs identified by OPLS were associated with FEV 1 pred.
Validation
To test the repeatability of the measurements, PEx samples collected twice a day for 5 consecutive days (two particle spots per samples, in total 20 spots) from 1 smoking subject were added to the data set. The original smoker/non-smoker model was re-fitted and the coefficient of variation was calculated using the standard deviation of scores in the predictive component and mean distance between samples in the score plot. The coefficient of variation was 29% within individual and 3% within spots from the same sample.
To complement the cross-validation (default in the SIMCA software), further validation was achieved by dividing the original data set into 'calibration set' and 'test set'. The calibration set was the original data set (in total 50 PEx spots from 25 individuals) but with the exclusion of 1 PEx spot from each individual. The new models, calibrated from 25 spots, were then used to predict the 25 remaining spots from the test set. The separation was not as good as in the initial models, as less data points were used to calculate the model, but a separation is still displayed ( fig. 6 , 7 ) .
Discussion
This explorative study shows that differences in the chemical composition of PEx, reflecting changes in the respiratory tract lining fluid from distal airways, are associated with smoking status, amount of pack years and lung function.
The interpretation of data was focused on PC species as they are the major constituent of surfactant, which in turn is an important part of the RTLF. It was apparent that the ionization of PC was different in smokers; smokers had more protonated and sodiated PC adducts compared to non-smokers. This is a novel finding, and the underlying mechanisms are yet unclear. A fraction of these molecular ions fragments into smaller ions as a nat- ural consequence of the mass spectral analysis. The signals from these fragment ions also support the discrimination of smokers and non-smokers. The results are strengthened by the fact that similar findings as in the smoker/non-smoker model were detected when the number of pack years was correlated to the mass spectral data. In the resulting score plot, the influence of tobacco smoke on mass spectrum was projected as a pack year gradient from left (non-smokers and smokers with the lowest number of pack years) to right (smokers with the highest number of pack years), displaying a dose-dependent change in the composition of RTLF.
Relating lung function to mass spectral data showed that mass spectra from individuals with low lung function were associated with a high response from all molecular PC species. In a previous study, we showed that individuals with asthma also had a higher response from molecular PC species compared to controls; however, there, the association to lung function was not analysed [28] . This may suggest that phospholipid composition of the RTLF is important for lung function.
The main results from the three models in the OPLS analysis were also tested using conventional statistical methods, and the results were overall confirmed.
One major limitation of this study was that the number of participants was small, and hence, the results must be interpreted with caution. The possibility that sodium or potassium from ambient air contaminated the samples during the collection procedure can be ruled out, since the analysis of reference spots (a sample-free area of the same silicon plate) for ten different samples revealed no relation with the amount of sodium or potassium in the samples. Additionally, to avoid any systemic bias, all samples were handled in the same manner and were collected and analysed in a randomized order.
A future possible improvement would be to control the number of particles collected as the variability of particle number was high between individuals and potentially influenced the mass spectral peak pattern [15] . However, neither lung function nor smoking status was related to the amount of particles produced. This was also controlled for in the conventional statistical analyses and the results were confirmed.
The TOF-SIMS analysis of small, non-volatile compounds is highly sensitive and is readily applicable to PEx because the sample is deposited onto silicon plates, which can be analysed directly without further sample preparation. In this study, thirty forced exhalations were collected but substantially less would have been sufficient to achieve the detection of phospholipids in PEx. Based on particle count, the number of exhalations can be individually optimized.
PEx has been demonstrated to be formed in the distal airways during airway opening that follows airway closure [12] . In the present study, dynamic compression during forced exhalation could be an additional mechanism of PEx formation, which would mean that the particles can be formed in more proximal airways. The lipid profiles observed in the present study and in a previous Color version available online Color version available online study, using the same breathing and sampling techniques, were very similar to the lipid profile of BAL [11] .
In conclusion, analysis of PEx is a new technique to monitor the chemical composition of RTLF in respiratory disease. The results indicate that chemical composition of PEx reflects changes in RTLF related to smoking and lung function. The results need further exploration in a larger study.
